1, Introduction
Individual lakes have a particular morphometry as well as peculiar physical, chemical, and biological conditions, which lead to a definite pattern of organic matter metabolism. Therefore, it is important to study seasonal changes in standing stocks of nutrients and organic matter levels in each lake.
Lake Barato locates in central Hokkaido and is a crescent lake. This lake was formed in 1930 by short cut on the river bed of the River Ishikari. It is 9 m in maximum depth, 3.3 m in mean depth, 4.37 Km2 in area, and 1.3 X 107 ms in total storage capacity. Amount of inflowing river water in all four rivers was 6.8 X 105 ms • d-1 in mean value throughout ten years. In recent years, the lake water has been polluted by urban sewage water.
In previous studies on Lake Barato, HIND and ANDO (1981, 1983) and HIND (1984) reported that organic matter in sediment extract and heterotrophic bacteria in lake water stimulated algal growth. TACHIBANA (1984) estimated algal growth potential by MBOD method. In addition, he reported the mechanism of sulfide formation in sediment mud of Lake Barato in brackish water (TACHIBANA, 1985) . However, seasonal changes in standing stocks of nutrients and organic matter, and seasonal succession of phytoplankton in Lake Barato were not reported to date.
The aim of this report is the characterization of Lake Barato from the chemical and biological points of view. Research was conducted for two full years to elucidate the trophic status of Lake Barato and to obtain fundamental data on physical, chemical, and biological circulation of nutrients and organic matter.
Nutrients, chlorophyll-a, and organic matter in Lake Barato 2. Materials and methods 2.1. Study site and water samples A sampling station was located near the center of the lake (7.5 m in depth) (Fig. 1) . Water samples were collected once a month, except for January and March, from May 1982 to February of 1983, with a 6 liter Van Dorn water sampler from depths of 0.5, 2, 5, and 7 m in 1982, and 0.5, 1, 2, 4, and 6 m. Subsamples were filtrated through glass-fiber filters (Whatman GF/C). Residues on the filters were used for chemical analyses of particulate fractions.
2-2. Physical, chemical, and biological analyses Water temperature was measured with a thermistor thermometer at the time of collection of lake water samples. Dissolved oxygen (D.0) was measured by the azide modification of Winkler method (Manuals for Oceanographical Observation, 1970) . Chloride ion (Cl) was measured by the silver nitrate titration method (Manuals for Oceanographical Observation, 1970) .
Inorganic phosphate (PO4-P) was determined by the method of MURPHY and RILEY (1962) .
Particulate organic phosphorus (POP) and total phosphorus (T-P) were determined by the same method as PO4-P after hydrolysis by the method of MENZEL and CORWIN (1965) . Dissolved organic phosphorus (DOP) was determined as the difference of T-P and POP plus Pot-P.
Nitrate plus nitrite nitrogen (NO ;-N + NO.,-N) was measured by the copper-cadmium reduction method of Woos et al. (1967) . Ammonium nitrogen (NH4-N) was measured by thQ indophenol method (Manuals for Oceanographical Observation, 1970) . Total nitrogen (T-N) was determined by the ultraviolet method (220 nm) under acid condition (OTSUKI, 1981) after hydrolysis by alkaline potassium persulfate in an autoclave at 121 °C for 30 min (SOLORZANO and SHARP, 1980) .
Chlorophyll-a was measured with Turner model 111 fluorometer after extraction with 90° acetone.
Total heterotrophic bacteria (THB) were counted by 1/10 nutrient agar plate method after incubation for 14 days at 20°C. Freeliving heterotrophic bacteria (FLHB) were counted using a filtrate through steerile Whatman GF/C filters. The counting was by the same method as that of THB.
After 200-300 ml o£ filtrates were condensed to 5-10 ml with a rotary evaporator at 40°C. Condensed water samples and particulate samp1es were put into glass vials and hydrolyzed with an autoclave at 121°C for 30 min. Proteins were hydrolyzed with a final concentration of 0.1 N sodium hydroxide. Sugars were h,rdrolvzed with a final concentration of 0.5 N sulfuric acid. After hydrolysis, proteins were measured by the method of LOWRY et al. (1951) using bovine serum albumin as a stand-(lard. Sugars were measured by the anthrone method (ScoTT and MELvIN, 1953 ) using glucose as a standard.
2-3. Collection and observation of phytoplankton
Phytoplankton was collected by horizontal drawing of the surface layer with a plankton net (NXXX25) in 1982, and by filtration of 5-20 l of the surface water with a plankton net (NXXX25) in 1983. Cell and colony numbers of phytoplankton were counted with a hemocytometer. Water temperature stratified slightly only in August of 1982 and 1983. The differences between the surface and bottom layer were about 2°C in 1982 and 5°C in 1983. The lake surface was covered with a thick ice layer from midDecember to early April. D.O was over-saturated in the upper middle layer in May and July 1982 and during May to September 1983. However, D.O in other seasons were lower in saturation. That in the bottom layer during summer of 1983 was below 20% in saturation. Although the layer with the low oxygen concentration disappeared during late autumn to winter, its value was low in all layers from late autumn to spring.
As Lake Barato locates near the Japan Sea ( Fig. 1 ) and sea water invades Lake Barato through the River Ishikari during late spring to early autumn, the Cl concentration was higher than 1.0 mmole . l-1. The concentration was higher than 20 mmole l-1 during summer. Chloride ion accumulated in the bottom layer was eliminated from late autumn to winter.
3-2. Nutrients Seasonal changes of phosphorus and nitrogen concentrations are shown in Figures 3 and 4.
Although P04-P in the euphotic layer disappeared during summer, its concentration was higher than 1 mole .l-~ during late autumn to winter both in 1982 and 1983. On the other hand, P04-P concentration of the bottom layer was higher than 1.0 mole. l-~ with decrease of D.O from August to September. Seasonal change of POP concentration tended to contrast with that of P04-P concentration in the euphotic layer. POP concentration increased more than 4 pmole • l-1 with the increase of chl-a concentration during summer, and was less than 1.0 pmole • l-' during winter.
T-P concentration was higher than 2 mole • l-1 in all seasons. It increased about 2-to 3-fold in May and June 1982, and in August and September 1983 compared with that in other seasons.
Much dissolved inorganic nitrogen (DIN) was detected throughout all seasons. NH4-N was dominant in the three forms of DIN and was detected at a concentration higher than 0.1 mmole l t in all seasons. NO3-N plus NO.,-N concentration was also higher than 0.05 mmole • l-1. The seasonal change of DIN concentration was different from that of P04-P, and the value of the former decreased slightly 
3-3. Chlorophyll-a and heterotrophic bacteria
Seasonal changes of chl-a concentration and number of heterotrophic bacteria are shown in Figure 5 .
The Chl-a concentration increased from June to August, and the maximum value was 154 pg • l-1 in the surface layer. In winter, the clil-a level was lower than 10 p g • l-1. Chl-a concentration in the bottom layer was higher than 100 tg•l-1 in May 1982 but this phenomenon was not observed in 1983.
THB number was higher than 105 cells • ml-1 in late autumn, but it was lower than 104 cells • ml-1 during water bloom occurring in summer. FLHB number decreased in summer, showing the same tendency as THB. In winter, FLHB accounted for a great part of THB. Figure 6 shows that seasonal changes of P-Pro and P-Su concentrations are similar to that of chl-a concentration.
3-4. Proteins and sugars
P-Pro concentra- tion was higher than 6 mg• 1' in the euphotic layer during summer both in 1982 and 1983. P-Su concentration was also higher than 2 mg. 11 in the euphotic layer during these two years. However, these compounds were remarkably decreased in winter. Seasonal changes of D-Pro and D-Su concentrations reflected a different tendency from those of particulate organic matter and Chl-a (Fig. 6) . D-Pro concentration was higher than 4 mg l-1 before and after chl-a concentration reached the maximum value. When chl-a concentration was high during summer, D-Pro value was low. D-Su concentration was also higher than 2 mg. l_1 in June and autumn of 1982, but it was lower in 1983 except for November.
3-5. Standing stocks of nutrients, chl-a, and organic matter Seasonal changes of standing stocks of phosphorus and nitrogen are shown in Figure 7 . The maximum value of standing stock of T-P was 1.42 g.rrr in November 1983, and that of T-N was 123 g.m-2 in May 1983. The minimum value of standing stock of T-P was 0.53 g.m-2 in May 1983, and that of T-N was 37 g-m '' in February 1984. The mean values of standing stocks of total phosphorus and nitrogen were 0.96 gm-2 and 64 mg.nr2 throughout two years.
Of the three forms of phosphorus, POP was dominant and its concentration increased 5-to 7-fold during summer compared with winter. On the nitrogen, NH4-N was dominant and accounted for more than 50% of the total amount.
Seasonal changes in standing stocks of chl-a, proteins, and sugars are shown in Figure 8 . Seasonal changes of these standing stocks exhibited a similar profile. That of chl-a increased during late spring to summer and reached the high value of 0.82 g m In winter, the standing stock was smaller than 0.05 g.m-2 under the ice layer. The maximum values of standing stocks of proteins and sugars were 93 g m in June 1982 and 41 g.m-2 in August 1983, respectively. These values decreased to 3-6. Seasonal succesion of phytoplankton Table 1 gives the seasonal succession of phytoplankton in the surface layer. During May to September in 1982, dominant species were Melosira granulata, A phanizomenon flos-aquae, Microcystis aeruginosa, Microcystis aeruginosa f. flos-aquae, and Microcystis viridis. Although a large number of Euglena sp. appeared in June and Phormidium sp. appeared in August, they did not appear in other seasons. In May and June in 1983, dominant species were Melosira ambigua, Nitzschia fruticosa, and Aphanizomenon flos-aquae. On the other hand, in July and August 1983, Aphanizomenon flosaquae and Anabaena spiroides were dominant species instead of diatoms. In September and October 1983, Aphanizomenon flos-aquae was dominant, but diatoms co-existed in the water bloom.
A dense bloom of Cyanophyta, especially Microcystis aeruginosa, appeared in June and continued to October 1982. However, the most dominant species was not Microcystis aeruginosa but Aphanizomenon flos-aquae during the summer of 1983.
Discussion
T-P and T-N concentrations in Lake Barato indicated high levels as shown in Figures 3, 4 , and 7. The T-N level was 67-fold the T-P level. When nutrient standing stocks of Lake Barato are compared to those of Lake Suwa (SAKAMOTO et al., 1975) and Lake Kasumigaura (AizAKZ et al., 1981) , which are shallow and eutrophic lakes, the T-P level is similar to those in the lakes, but T-N level is about 10-or 20-fold those of the lakes.
As Lake Barato locates near Sapporo City, much urban waste water flows into it. Nutrients in the waste water serve to increase the phytoplankton population during summer. Figure 7 shows that T-P standing stock increases remarkably during summer. Besides oxygen consumption by organic matter decomposition, invasion and accumulation of sea water should promote formation of the layer with low D.O concentration during summer in Lake Barato similar to the findings of TACHIBANA (1985) . This phenomenon indicating elution of P04-P sustains high phosphorus standing stocks the same as the inflowing of waste water. However, P04-P disappeared in the euphotic layer with increase of chl-a concentration during summer (Fig. 3) . Then, much DIN was detected aboundantly in those seasons (Fig. 4) . This fact shows that P04 -P is a limiting factor in algal growth during summer in Lake Barato.
In contrast, DOP remained constant (Fig. 7) . BERMAN (1969) , BERMAN and MOSES (1972), and NAKAMOTO et al. (1984) suggested that most DOP accumulating in lake water was not utilized by phytoplankton.
Since most DOP is also an unavailable form of phosphorus in Lake Barato (HIND, in preparation), it may remain in the lake water. When lake water circulated in middle autumn, P01-P in the bottom layer should be supplied to all layers (Fig. 3) . As Cl was diffused in the circulation period and reduced gradually by inflowing river water (Fig. 2) , the P04-P concentration in the lake should also increase by supplying from the inflowing river besides of supplying from bottom layer.
On the other hand, DIN concentration was higher throughout all seasons. NH4-N was especially abundant.
The higher value of NH4-N might be caused by deamination of proteinous nitrogen matter and elution from the bottom sediment (KAMIVAMA, 1979) besides supplying NH4-N from the river water.
When a dense bloom of Cyanophyta appeared during summer in Lake Barato (Table  1) , diatoms co-existing in the water bloom were not observed in the surface layer in 1983.
But diatoms were observed in the bottom layer (TADA, 1985) . TAKAMURA and YASUNO (1984) reported diurnal change on sinking of diatoms and accumulation of blue-green algae in the surface layer of Lake Kasumigaura. A similar phenomenon should occur in Lake Barato.
The most dominant species in the water bloom was Microeystis aeruginosa f. flos-aquae in 1982, and A phanizomenon flos-aquae in 1983. This difference should be caused by the low water temperature from June to July in 1983 (Fig. 2) , because the optimum growth temperature of Aphanizomenon flos-aquae was lower than that of other blue-green algae (IMAMURA, 1981) .
As phytoplankton population accounts for more than 80% of the total amount of suspended solid in the euphotic layer of Lake Barato (HIND, unpublished data), particulate organic matter may also derive from phytoplankton population. We studied the correlation between organic matter and chl-a con- Fig. 9 . Correlation between chlorophyll-a and organic matter in the euphotic layer in Lake Barato.
P-Proteins ; particulate proteins D-Proteins; dissolved proteins P-Sugars ; particulate sugars D-Sugars ; dissolved sugars chl-a ; chlorophyll-a centratrons. Figure 9 shows a higher correlation between chl-a and P-Pro or P-Su in the euphotic layer. Correlations between chl-a and particulate organic matter were expressed as follows.
P-Pro =237 (chl-a)o 6so, (r=0.885), P-Su =7.06 (chl-a)o ssl, (r=0.836). MAEDA and OGATA (1977) reported that the relation between chl-a and P-Pro was expressed as P-Pro=151.7 (chl-a)°625 from data of many lakes in late summer. The present results are similar to theirs, and the formula is expressed as an exponent. This formula shows that the amount of organic matter in phytoplankton population is not accompanied with chl-a content in higher level. The amount of organic matter in phytoplankton varied in the terms of physiological states and nutrient levels in the given lake water (STRICKLAND, 1965; SAKSHAUG and MYKLESTAD, 1973) . Since the P04-P was deficient during summer in Lake Barato (Fig. 3) , the amount of organic matter in the phytoplankton population should be smaller than in high physiological activity.
On the other hand, no correlation was observed between chl-a and dissolved organic matter in Lake Barato (Fig. 9) . WALSH (1966) reported that negative correlation was observed between dissolved carbohydrate (DCHO) concentration and phytoplankton number. OCHIAI et al. (1980) reported that both high positive correlation and lack of any were observed between DCHO and chl-a concentrations at two different stations of Lake Kasumigaura.
Low concentrations of D-Pro and D-Su during summer were not due to dilution by the invading sea water, because invasion and accumulation of sea water expressed as Cl concentration were maximum in autumn (Fig. 2) , and dissolved organic matter concentrations in this period were higher than in summer (Fig.  6) . The higher D-Pro and D-Su concentrations were observed in periods of phytoplankton increase or decrease (Figs. 5, 6, and 8) . OcHIAI et al. (1979) reported that a DCHO maximum was observed after chl-a concentration peak in Lake Nakanuma. These results suggest that dissolved organic matter concentrations relate to the amount of dissolved organic matter released from phytoplankton. SHARP (1977) , WATANABE (1950) , as well as KATO and SAKAMOTO (1981) reported that phytoplankton excreted part of the organic matter produced by photosynthesis. Most of the dissolved organic matter excreted from phytoplankton is consumed quickly by heterotrophic bacteria (WATANABE, 1984) . Nevertheless, the numbers of heterotrophic bacteria decrease during summer in Lake Barato (Fig. 5) . This fact shows that the decrease of dissolved organic matter concentration during summer is not only due to heterotrophic bacterial consumption but also to other factors.
When the phytoplankton population increases in nutrient sufficiency, its physiological activity is higher (SAKSHAUG and MYKLESTAD, 1973; SAKSHAUG and HOLM-HANSEN, 1977) . On the contrary, when phytoplankton population decreases after water bloom and during late autumn, its physiological activity is lower In both physiological states, much dissolved organic matter is excreted from phytoplankton (HIND and NATUME, in preparation). Dissolved organic matter concentration should be high at those times. In nutrient deficiency, the amount of the excretion in photosynthetic products of phytoplankton is smaller (Watanabe, 1980) . Therefore, a low concentration of dissolved organic matter should be observed when P04-P was deficient during summer in Lake Barato.
As the excreted organic matter and phytoplankton were decomposing from late autumn to winter, part of dissolved organic matter derived from the decomposition remained in that period (Figs. 6 and 8 ). When such organic matter was decomposed gradually during late autumn to winter, the D.0 value should be only about 40-70% (Fig. 2) .
The results of the present study suggested the correlations among the changes of nutrients, chl-a, and organic matter concentration in Lake Barato. Organic matter excretion by phytoplankton was also presumably associated with the physiological state of phytoplankton affected by nutrient levels in the lake water. Algal intracellar nutrients may also have a role. When organic matter in lakes is researched, the physiological state and activity of phytoplankton must be considered important factors for circulation of organic matter and inorganic nutrients. 
